An enzyme-linked immunosorbent assay (ELISA) was developed for detection of staphylococcal enterotoxins in foods. The "double-antibody sandwich" protocol combines parts of several procedures reported previously. Horseradish peroxidase was conjugated to antibody specific for an enterotoxin, and the antibody-enzyme conjugate was assayed with a 2,2'-azino-di-(3-ethylbenzthiazoline sulfonic acid)-H202 substrate solution. Enterotoxins were added to a variety of foods that were representative of those implicated in staphylococcal food poisoning outbreaks. Extracts of the foods were assayed by the ELISA and radioimmunoassay. Enterotoxin levels below 1 ng/g of food were consistently detectable by the ELISA. These results compared favorably with those of the radioimmunoassay. Experiments confirmed the interference of protein A in double-antibody sandwich ELISAs. Although protein A interference has not been demonstrated to be a problem in food extracts, we suggest a screen for protein A interference in which immunoglobulin G from nonimmunized rabbits is used. All of the known staphylococcal enterotoxins could be detected by this method. Analysis of a food product for entertoxin by the ELISA can be completed in an 8-h working day.
Many methods have been developed for the detection of staphylococcal enterotoxins in foods. The most widely used is the extractionconcentration-microslide method. This involves an immunodiffusion detection technique and is sensitive to 100 ng of enterotoxin per 100 g of sample (3, 13) . A method of this type is currently in use in the U.S. Food and Drug Administration Laboratories (3) . An extract from a 100-g food sample must be concentrated to 0.2 ml in order to detect 1 ng of enterotoxin per g of sample.
The minimum amount of enterotoxin required for development offood poisoning is considered to be 100 ng. This is a cumbersome and timeconsuming process, requiring 3 to 6 days to complete.
Several radioimmunoassay (RIA) methods have been proposed for the detection of enterotoxins in foods (1) . These methods are equal in sensitivity to the extraction-concentration-microslide method but require only 1 to 2 days for a food analysis. They involve simple extraction and require only a small sample offood. The use of RIA is limited because of the need for radioactive materials, which require government licensing. These methods require purified enterotoxins, which are not generally available.
The enzyme-linked immunosorbent assay (ELISA), also referred to as enzyme immunoassay (5, 17), has been developed for the detection of enterotoxins (5, 7, 8, 10, 12, (17) (18) (19) . The ELISA can be completed as quickly as can the RIA and is as sensitive but does not require the use of radioactive materials. Two types of ELISA methods have been proposed. In the "double-antibody sandwich" method (12, 17) , the enzyme is coupled to the specific antibody, whereas in the competitive methods (5, 7, 8, 10, 18, 19) , it is coupled to the enterotoxin. The coupling of the enzyme to the antibody eliminates the need for purified enterotoxins. This method also results in absorbance readings that relate directly to the amount of enterotoxin in the samples. IgG-carbonate buffer solution (10 ,ug/ml, pH 9.6), and the plates were incubated at 4°C for 3 h or overnight. The coating solution was removed, and each well was washed twice with PBS-TWN, filled with the same buffer, and allowed to stand for 30 min before use.
Preparation of food extracts. Food extracts were prepared by a procedure similar to that described previously (9) . Solid food was ground to a homogeneous slurry with an Omnimixer (DuPont Instruments, Newton, Conn.). We added 1 ml of water per g offood. When the slurry was very viscous, 1.5 ml of water was added per g of food. The pH of the slurry was adjusted to 4.5 with 6 N HCI. Each slurry was centrifuged for 20 min at 20,000 x g and 4°C. The pH of the supernatant was adjusted to 7.5 with 5 N NaOH. Chloroform (1 ml/10 ml of extract) was added, and the extract was stirred for 3 to 5 min, centrifuged as described above, and filtered through water-saturated Miracloth (Chicopee Mills, Inc., New York) to remove the chloroform. Enterotoxin was added to foods before extraction to generate positive controls. Extracts of foods to which no enterotoxin was added were used as blanks or negative controls. Serial dilutions of enterotoxin added to negative controls were used as standards. The extracts were assayed by RIA ELISA procedure. We placed 1-ml test solutions in culture tubes (18 by 150 mm), each of which contained a polystyrene ball coated with antibody specific for an enterotoxin. Each tube was agitated for up to 2 h. Each ball was washed in 4 ml of PBS-TWN in a second tube, placed in a third tube with 50 p.1 of dilute antibody-enzyme conjugate in PBS-TWN, and gently agitated for up to 1 h. Each ball was washed again and placed in 2 ml of ABTS-H202 substrate solution (0.6 nM ABTS [Sigma], 1.2 nM H202, 0.05 M citric acid buffer, pH 4.0) (16) . After the addition of 1 ml of stopping solution (0.2 M HF, 0.012 M NaOH, 2.6 nM EDTA) (16) , the absorbance of the reaction mixture was determined at 414 nm with standard cuvettes in a model 25 spectrophotometer (Beckman Instruments, Inc., Fullerton, Calif.).
The same protocol was used for microtiter plate assays. We added 100 ,ul of the sample to each antibody-coated well and agitated the plates for up to 2 h. The plates were washed with PBS-TWN and agitated for 1 h after 50 p1 of dilute antibody-enzyme conjugate was added to each well. The plates were washed, and 100 p.1 of ABTS-H202 solution was added to each well. The plates were agitated for 20 min before the enzyme reaction was quenched by the addition of 50 p.1 of stopping solution to each well. The absorbance was read at 410 nm with a model MR-590
Microelisa Minireader (Dynatech Laboratories, Inc., Alexandria, Va.).
Serial dilutions of enterotoxin solutions in PBS-TWN were generated for use as standards. A buffer blank or negative control was assayed to account for any nonspecific color reaction. Absorbance readings of all replicates were averaged, and the average blank values were subtracted. The residual values were plotted against enterotoxin concentrations, using a logit logarithm transformation (14) .
RIA. The standard curve for the RIA was generated by assaying a solution containing the following: 1.0 ml of RIA buffer (0.5% bovine serum albumin, 0.01 M phosphate buffer, 0.10% NaN3, pH 7.6), 100 p.1 of antiserum (dilution that binds 50% of the labeled enterotoxin in the absence of unlabeled enterotoxin), 0.10 ml of unlabeled enterotoxins (0.0, 6.25, 12.5, 25.0, 50.0, and 100.0 ng/ml), and 0.9 ml of extract from the negative control. Nonspecific binding and inhibition were estimated by assaying tubes containing no unlabeled enterotoxin and no antiserum. Another standard curve was generated, substituting 0.9 ml of RIA buffer for the food extract. Positive control samples (known amounts of enterotoxin added before extraction) were assayed as described above. Duplicates were incubated in polystyrene tubes (10 by 75 mm) at 4°C overnight. The assays were completed as described previously (9) .
Statistical evaluation of data. Mean values for all ELISA replicates were calculated, and mean blank values were subtracted. The remaining values for standards and enterotoxin extractions were linearized, using a logit logarithm transformation (14) where the Y value was logit absorbance (log absorbance/1-absorbance) and X was logarithm concentration. Leastsquares regression analysis of the transformed data was done with a computer (Minitab Program, University of Toledo version PDP-11 81.1, 1981; Brief 5 regression analysis, Pennsylvania State University, University Park). This analysis produces a regression equation standard deviation of Y about the regression line, a predicted Y value generated for every measured Y value, and a standard deviation for the predicted value. The standard deviation for the predicted value was multiplied by the appropriate t value (2), and the product was subtracted from the predicted Y value to calculate the lower 95% confidence limit for any particular point. If the lower confidence limit was greater than the Y value for an absorbance of 0.01, the point was considered significant. Although data points are usually determined to be significantly different from zero, 0.01 was used since it is impossible to calculate the logarithm of zero. Standard deviations for predicted Y values, based on regression analysis, were generated for concentration levels down to 0.1 ng of enterotoxin per ml. The detection limit was established as the lowest enterotoxin concentration with a predicted Y value significantly different from the Y value for an absorbance of 0.01.
The amount of enterotoxin detected in positive controls was determined by comparison of the absorbance values to the regression line generated from the standards. A corresponding enterotoxin concentration was determined for each absorbance value and multiplied by the volume of the extract (over the grams of food extracted) to determine the amount of enterotoxin extracted.
Protein A interference. Serial dilutions of protein A in PBS-TWN were assayed with anti-staphylococcal enterotoxin B (SEB) antibody reagents in microtiter plates as follows: (i) a rabbit antibody coating and rabbit antibody-enzyme conjugate, (ii) a sheep antibody coating and rabbit antibody-enzyme conjugate, (iii) a rabbit antibody coating and sheep antibodyenzyme conjugate, and (iv) a sheep antibody coating and sheep antibody-enzyme conjugate. The assays were completed in triplicate. Rabbit antibody reagents specific for the other enterotoxins were also used to assay for protein A. The IgG fractions of sera from nonimmunized rabbits were isolated as described above and used to coat microtiter plates. Serial dilutions of protein A and all of the known enterotoxins were assayed in these plates with appropriate antibody-enzyme conjugates.
RESULTS
Effect of sample incubation time on enterotoxin analysis. Samples (1 ml) containing 0.0, 0.63, 1 .25 and 2.5 ng of SEA per ml of PBS-TWN were incubated with coated balls for 0.5, 0.75, 1.0, 1.5, and 2.0 h (Fig. 1) . We used 2-h incubations for subsequent ELISAs. The results of incubating veal patty extracts for 2 and 18 h with polystyrene balls and in microtiter plates were given in Table 1 . Enzyme-substrate reaction time. Various concentrations of SEA were assayed by the ball system. The enzyme-substrate reaction was quenched at various intervals (Fig. 2) . The reaction rate was constant for 35 to 45 min. A similar study was conducted with microtiter plates. Readings were taken periodically without the addition of stopping solution. The reaction rate was constant for 25 to 30 min. In subsequent ELISAs, 25 min was allowed for the enzymesubstrate reaction in microtiter plates, and 30 min was allowed in the ball system. Analysis of foods with known amounts of enterotoxin added. The results of ELISAs and RIAs of foods to which known amounts of enterotoxin were added are given in Table 3 . The amounts of enterotoxin detected were calculated from the standard curve. The results obtained for ham are given in Table 4 . Less than 1 ng of enterotoxin per g of food was detectable in all foods tested by the ELISA. For each food, detection limits generated from regression analysis of standards and enterotoxin extractions, along with the lowest amount detected in each case, are presented in Table 5 .
Effect of protein A on the double-antibody sandwich ELISA. The results from ELISAs of serial dilutions of protein A with rabbit and sheep anti-SEB reagents in the combinations described above are presented in Fig. 3 . Rabbit antibody-enzyme conjugate and corresponding coating with IgG specific for enterotoxins other than SEB gave results for protein A similar to those shown in Fig. 3 . The same reaction with protein A was obtained when, instead of enterotoxin-specific IgG, IgG from nonimmunized rabbits was used for coating the plates. All of the enterotoxins were tested with IgG from nonimmunized rabbits, and none gave a positive reaction.
VOL. 44, 1982 plates into tubes and diluted the product 10-fold. This is time-consuming and increases the possibilities of error. With the ball system, the absorbance can be read with any colorimetric device without dilution. Visual evaluation of results is possible in both systems when qualitative results are sufficient. The ball system is more sensitive than the microtiter plate system even when the plates have been incubated with extracts for 18 h ( Table 1 ). The ball system is therefore recommended when greater sensitivity is desired.
We incubated 1 ml samples of extract for 2 h, using the ball system. Although the sample volume had virtually no effect on absorbance values (Table 2) , the absorbance values for the 1-ml samples were slightly higher than the values for the other sample sizes, and 1 ml was selected as the sample volume for this procedure. If samples are incubated for longer periods, lower detection levels are possible (Table  1) , but incubation periods longer than 2 h make it difficult to complete a food analysis in one 8-h working day. The 2-h incubation period was considered satisfactory because the required detection level of 1 ng of enterotoxin per g of food is easily achieved.
The rate of the enzyme-substrate reaction (Fig. 2) . When the ball procedure was used in the investigation, 30 min was the time allowed; however, a 40-min incubation period is recommended because this resulted in a 30% increase in color intensity (Fig. 2) . The foods selected for this study are representative of those frequently involved in food poisoning outbreaks. The amounts of enterotoxins that can be detected after extractions from various foods are shown in Table 4 . The ELISA ball system compared favorably with the RIA in the amount of enterotoxin that could be detected.
The detection limits calculated from the standard curve and from the positive controls for each food extract were consistently below the 1-ng/g level (Table 5) . When analyzing a sample of food suspected of being implicated in a food poisoning outbreak, it is important to use a control as similar to the suspect food as possible. One then generates the standard curve which is best for predicting the presence or absence of enterotoxin. Positive controls to which known amounts of enterotoxin have been added also must be analyzed to determine the effectiveness of this combination of extraction and detection methods.
The double-antibody sandwich ELISA has been shown to give false-positive results when protein A is present in high concentrations (12) . This was confirmed when concentrations as low as 31 ng of protein A per ml gave a positive reaction when rabbit antibody reagents were used (Fig. 3) 
